, Zubizarreta-Gerendiain A. 1) , Strandman H. 1) , Asikainen A. 2) , 3 Venäläinen A. 3) , Kaurola J. 3) , Kangas, J. According to Peltola et al. (1999a) , the duration of soil frost in 0-40 cm depth will decrease from 4-5 50 months to 2-3 months (mainly February -March) in southern Finland and from 5-6 months to 4-5 51 months (mainly January -April) in northern Finland, if a temperature elevation of 4 o C is assumed. 52
As a result, 80% of 10 minutes mean wind speeds of >11 m s -1 will occur at times of unfrozen soil 53 conditions in southern Finland when at present the corresponding proportion is about 55% (Peltola et 54 al. 1999a ). The corresponding numbers in northern Finland are 40 and 50%, respectively. Also 55 according to Gregow (2013) , the soil is expected to hardly freeze at all in southern and central Finland 56
by 2100 under the severe climate warming. 57
In Finland, about 45% of the volume of growing stock is currently Scots pine (Pinus sylvestris), 31% 58
Norway spruce (Picea abies), and 24 % silver and downy birches (Betula pendula and Betula 59 pubescens) and other broadleaves. Norway spruce and silver birch are recommended to be 60 7 it is capable of simulating the development and dynamics of both single tree species stands and mixed 135 stands of conifers and broadleaves. In simulations, management control included artificial 136 regeneration (planting) with desired spacing and tree species, control of density in tending of a 137 seedling stand and in thinning (incl. naturally born seedlings) and final cut (only timber harvested). 138
In the model, the species-specific response to the temperature sum is modeled based on the 139 downwards-opening symmetric parabola. The minimum (TSmin, together with field capacity and wilting point define the soil moisture available for growth (as a 147 function of precipitation and evaporation). Site fertility type and regional temperature sum affect the 148 amount of soil organic matter (and carbon) and the nitrogen available for growth, which are also 149 affected by the inputs of litter and deadwood (stem wood, branches, needles and leaves, stumps and 150 coarse to fine roots) on the soil layer and their decay. The observed long-term mean in Finland for 151 atmospheric nitrogen deposition (10 kg N ha -1 ) is used in simulations (Järvinen and Vänni 1994; 152
Kellomäki et al. 2005). 153
The model simulations with a time step of one year are carried out on an area of 100 m 2 , based on the 154
Monte Carlo technique (i.e. certain events, such as the birth and death of trees, are stochastic events). 155
The mean values of 20 iterations of each output variable are used in the data analyses, following the 156 work by Alrahahleh et al. (2017) . This was undertaken as 10-20 iterations will be sufficient to 157 stabilize the mean values based on our analysis (the coefficient of variation was 1.6% for 20 iterations 158 over a 90-year period in total stem volume at plot level). sites (Myrtillus type, MT) were planted to one of Scots pine, Norway spruce or silver birch, or to the 172 same tree species that dominated the site before the final clear-felling (initial average breast height 173 diameter of seedlings was 2.5 cm). The later one was named as a baseline management scenario. 174
Other sites were regenerated following the baseline management scenario. In planting, a density of 175 2000 seedlings ha -1 was used for Norway spruce and Scots pine and 1600 seedlings ha -1 for silver 176 birch, respectively. In addition to planting, Scots pine, Norway spruce, and birch seedlings were 177 expected to regenerate on all sites naturally (see Kellomäki and Väisänen 1995; Kellomäki et al. 178 1997) . Tending of the seedling stand was also always carried out before the first commercial thinning 179 (mostly smaller or suppressed trees were removed). 180
We used in all simulations the region, site and tree species specific Finnish thinning rules, where the 181 thinning (from below) is done whenever the basal area threshold for thinning at given dominant height 182 is reached, and the basal area is reduced to the recommended threshold value after thinning (Äijälä et9 al. 2014). In addition, clear-cut was done following the corresponding recommendations for basalarea weighted diameter (range 22-30 cm) at breast height. We also used in cuttings a mean delay of 185 uprooting. In calculating the CWS, the mean stand conditions (stand density and dominant stand 240 height) were first used to calculate the mean wind profile for the sample plot, which was further on 241 applied for calculating the wind loading for sample trees. 242
The calculated minimum CWS values (at canopy top) of sample trees in each plot of a given year 243 were further on converted into an equivalent velocity that would be measured by a virtual or real 244 meteorological station at 10 m above the ground, located above a homogeneous surface (see Dupont 245 et al. 2015) . This conversion was performed by assuming (i) identical mean wind speeds at 200 m 246 height at the forest edge and at the meteorological site, and (ii) a logarithmic velocity profile above 247 the meteorological station. This 200 m height is supposed to be high enough for the airflow to be in 248 equilibrium over the landscape (Dupont et al. 2015) . 249
Data analyses 250
In this work, we studied first how increasing use of certain tree species in forest regeneration affects 251 the average proportions of different tree species (of total stem volume) under changing climatic 252 conditions from southern to central and northern Finland in three 30-years simulation periods (2010-253 species affect the shares of CWSs <17 ms-1 in southern, central and northern Finland, which differed 255 in terms of growing conditions (e.g. average prevailing temperature sum, growing degree-days, gdd, 256 with a +5°C threshold). The temperature sum in southern Finland (Forest center sub-regions 1-6) was 257 >1100 gdd, in central Finland (sub-regions 7-10) 1000-1100 gdd and in northern Finland (sub-258 regions 11-13) <1000 gdd. 259
In this work, the proportions of different CWSs classes (<14 ms -1 , 14-17 ms -1 , 17-20 ms -1 , >20 ms In the first 30-year period, in southern Finland the shares of CWSs <17 ms -1 were 60 and 48% of all 321 predicted CWSs in summer (birch in leaf) and in autumn (birch without leaves) under the current 322 climate with baseline management (Figures 2 and 3) . In central Finland, corresponding percentages 323 were clearly lower (36 and 32%), mainly due to the larger proportion of Scots pine, opposite to that 324 the climate applied did not affect the shares of CWSs <17 ms -1 in the first period. In northern Finland, 326
shares of CWSs <17 ms -1 were also marginal, regardless of the period, the climate and management 327 applied or the season considered. 328
In the second 30-year period, the shares of CWSs <17 ms -1 were in southern Finland under the current 329 climate with baseline management slightly lower than in the first 30-year period (54 and 37 % in 330 summer and autumn). This result was related to the increased proportion of Scots pine, opposite to 331 that of Norway spruce. The increase of Scots pine planting area decreased the shares of CWSs <17 332 ms -1 9-13 %-units compared to baseline management, opposite to the increase of Norway spruce 333 planting area (the increase of 8-11 %-units). The increase of the proportion of birch increased this 334 share slightly (by 4%-units) in summer but decreased it (by 9 %-units) in autumn. Also in central 335
Finland, the shares of CWSs <17 ms -1 were lower in the second 30-year period under the current 336 climate, regardless of management preferences. Changing climate affected them only slightly in the 337 second 30-year period, regardless of region. Observed changes in CWSs were partly affected by the 338 harvesting of a large amount of timber (including so called cutting savings) in the first period when 339 following the management recommendations strictly, which does not happen in current forest 340 management practice. As a result, also the volume of growing stock was smaller in the second period 341 than in the first period. 342
In the third 30-year period, the shares of CWSs <17 ms -1 were in southern Finland under the current 343 climate with baseline management the same magnitude as in the first 30-year period (59 and 53% in 344 summer and autumn), due to increased proportion of Scots pine, opposite to that of Norway spruce. 345
The increase of Scots pine planting area (and thus increase its proportion) decreased the shares of 346 CWSs <17 ms -1 by 22-24 %-units regardless of the season compared with baseline management. On 347 the other hand, the increase of Norway spruce planting area increased them by 14-17 %-units. The 348 increase of birch planting area increased them also by 11 %-units in summer opposite to autumn(decrease of 9 %-units). Also in central Finland, the shares of CWSs <17 ms The average predicted probabilities for the CWSs to occur were in the first 30-year period in southern, 370 central and northern Finland 0.8, 0.6 and 0.1, regardless of climate or management scenario applied 371 (Figures 4 and 6) . In the second and third 30-year period they were quite the same and in a range of 372 probabilities opposite to those of Norway spruce and birch in both the second and third 30-year 374 period. 375
The average predicted amount of damage was in the first 30-year period in southern and central 376
Finland in a range of 0.5-0.7 m 3 ha -1 a -1 (0.4-0.5 % a -1 ), regardless of climate or management scenario 377 applied ( Table 2, Figures 4 and 6) . In the second and third 30-year period, the corresponding ranges 378 were quite the same but larger than in the first 30-year period, i.e. 0.2-0.9 m 3 ha -1 a -1 (0.2-0.6 % a -1 ). 379
The predicted amount of damage was the largest under the current climate with the increase of 380
Norway spruce planting area and under the changing climate with the increase of birch planting area, 381 opposite to that of Scots pine. In northern Finland, the predicted amount of damage was about 0.1 m Table 2 . 388
Discussion and conclusions 389
We employed simulations by forest ecosystem (SIMA) and mechanistic wind damage (HWIND) 390 models to study regional risks of wind damage in Finnish forests under changing forest management 391 preferences and climates (current, RCP4.5 and RCP8. projections (especially RCP8.5) used in this work simulate somewhat larger warming for summer, 398 while the precipitation projections are nearly equal throughout the year, compared to the previous 399 model generation (see Ruosteenoja et al. 2016) . 400
In general, the vulnerability to wind damage, the volume of growing stock at risk and the amount of 401 damage all increased and the most under the current climate in the south, when the proportion of 402
Norway spruce (with shallow rooting) of the growing stock increased, opposite to that of Scots pine. 403
However, under a climate change, the proportion of Norway spruce decreased and especially in the 404 south, opposite to that of birch. The increase of birch proportion decreased the risk of wind damage 405 in autumn (while birch is leafless), unlike in summer. The vulnerability of forests to wind damage 406 were higher (i.e. lower critical wind speeds) in southern than northern Finland, regardless of the 407 period, climate or management applied. 408
The increase of planting area for different tree species affected in the long term more tree species 409 proportions, wind speeds needed for the uprooting of trees and the predicted amount of damage than 410 climate change did. Climate change affected them mainly through changes in forest growth and 411 dynamics. The effects of management preferences were largest in the last 30-year period due to the 412 gradual change of forest structure (age, species) over time. In southern Finland, the predicted amount 413 of damage was the largest under the current climate when planting of Norway spruce was increased. 414
This was not the case under severe climate warming (RCP8.5), which decreased the share of Norway 415 spruce (opposite to birch) in southern Finland compared to the current climate because growing 416 conditions became sub-optimal for Norway spruce (see Ruosteenoja et al. 2017 ). Under a severe 417 climate warming, the predicted amount of damage was largest in southern Finland when the planting 418 of birch increased. This was also partly due to increased volume of the total growing stock comparedto other management scenarios. In northern Finland, forests are nowadays largely dominated by Scotspine, which is, in general, less vulnerable to wind damage than Norway spruce and birch (in leaf) 421 with the same tree and stand characteristics (see e.g. Laiho In this work, we calculated the annual probability and amount of wind damage for each plot based on 458 the CWS of the most vulnerable trees per plot. We also expected that only 3% of the volume at risk 459 will be actually damaged based on previous wind damage measurements (see Zubizarreta A., Déqué, M., Georgievski, G., Georgopoulou, E., Gobiet, A., Menut, L., Nikulin, G., Haensler, 590
A., Hempelmann, N., Jones, C., Keuler, K., Kovats, S., Kröner, N., Kotlarski, S., Kriegsmann, A., 591
Martin, E., van Meijgaard, E., Moseley, C., Pfeifer, S., Preuschmann, S., Radermacher, C., Radtke, 592 K., Rechid, D., Rounsevell, M., Samuelsson, P., Somot, S., Soussana, J.-F., Teichmann, C., 
